Stearoyl-CoA desaturase-1 (SCD1) catalyzes the synthesis of monounsaturated fatty acids from saturated fatty acids. Mice with a targeted disruption of Scd1 gene locus are lean and display increased insulin sensitivity. To examine whether Scd1 activity is required for the development of diet-induced hepatic insulin resistance, we used a sequence-specific antisense oligodeoxynucleotide (ASO) to lower hepatic Scd1 expression in rats and mice with diet-induced insulin resistance. Treatment of rats with Scd1 ASO markedly decreased liver Scd1 expression (~80%) and total Scd activity (~50%) compared with that in rats treated with scrambled ASO (control). Insulin clamp studies revealed severe hepatic insulin resistance in high-fat-fed rats and mice that was completely reversed by 5 days of treatment with Scd1 ASO. The latter treatment decreased glucose production (by ~75%), gluconeogenesis, and glycogenolysis. Downregulation of Scd1 also led to increased Akt phosphorylation and marked decreases in the expression of glucose-6-phosphatase (Glc-6-Pase) and phosphoenolpyruvate carboxykinase (PEPCK). Thus, Scd1 is required for the onset of diet-induced hepatic insulin resistance.
Introduction
The metabolic syndrome is a complex of metabolic alterations whose landmarks include obesity, hyperlipidemia, hepatic steatosis, and insulin resistance (1) . Diets rich in both simple sugars and saturated fat are regarded as causative factors in the development of insulin resistance in laboratory animals and human populations (2) (3) (4) (5) (6) (7) (8) . Severe hepatic insulin resistance is indeed among the earliest changes seen with short-term overfeeding (OF) in rats (9, 10) .
Alterations in systemic and cellular lipid trafficking are postulated to play a critical role in the development of diet-induced insulin resistance (11) (12) (13) (14) (15) (16) (17) (18) (19) . However, the biochemical and signaling steps responsible for this tight association remain to be delineated. Various genetic models designed to manipulate cellular lipid metabolism display resistance to diet-induced insulin resistance, often accompanied by diminished fat accumulation (20) (21) (22) (23) . Among the biochemical steps frequently associated with improved insulin sensitivity is the decreased hepatic activity/expression of stearoylCoA desaturase-1 (SCD1) (22, 24, 25) . Can the decrease in SCD1 activity account for enhanced insulin action? Mice carrying a naturally occurring null allele of Scd1 (asebia mice) as well as mice with a targeted disruption of Scd1 locus display a lean phenotype with increased energy expenditure and enhanced insulin sensitivity (24, 26) . Similar improvements in energy balance and metabolism are also induced by long-term (10 weeks) antisense-mediated downregulation of Scd1 expression in high-fat-fed (HF-fed) mice (27) . Unrestrained Scd1 activity in ob/ob mice has been implicated in the metabolic abnormalities produced by leptin deficiency (26) . In fact, ob/ob mice carrying a null allele of Scd1 displayed a significant attenuation of obesity, of hyperinsulinemia, and of hepatic steatosis (26) . Since prolonged SCD1 deficiency and leptin treatment lead to decreased fat mass and tissue lipid accumulation as well as improvements in glucose tolerance and insulin action, it is not clear whether SCD1 deficiency has a direct impact on insulin sensitivity or results in improved insulin action via the associated changes in body composition and tissue lipid content.
In order to examine whether SCD1 activity is required for the development of diet-induced hepatic insulin resistance, we rapidly lowered hepatic Scd1 expression in adult rats, using a specific antisense oligodeoxynucleotide (ASO) directed against Scd1 mRNA. Rats were then placed on a lard-enriched diet known to rapidly induce severe hepatic insulin resistance. Short-term knockdown of Scd1 expression did not alter food intake and body weight gain, but it completely restored insulin's ability to suppress hepatic glucose production, gluconeogenesis, and glycogenolysis.
Results
In mammalian liver, SCD1 is the main enzyme responsible for the conversion of the saturated fatty acyl-CoAs, stearoyl-CoA (18:0) and palmitoyl-CoA (16:0), to their respective monounsaturated fatty acyl-CoAs, oleyl-CoA (18:1) and palmitoleyl-CoA (16:1) ( Figure 1A ). Here we asked whether a diet enriched in saturated fatty acids can still induce hepatic insulin resistance when the hepatic expression and activity of SCD1 is markedly curtailed.
Treatment with Scd1 ASO decreases liver Scd1 expression and activity. Following 2 injections of Scd1 ASO over 5 days ( Figure 1B ), liver Scd1 mRNA was decreased by 80%, as determined by quantitative real-time PCR (Q-PCR). Similarly, total SCD activity was decreased by approximately 50% in the liver of rats treated with Scd1 ASO compared with animals treated with scrambled ASO (SCR) ( Figure  1B ). The decrease in Scd1 activity was sufficient to alter the total pools of C18 acyl-CoAs, leading to a decrease in the C18 desaturation index, the ratio of C18:1 to C18:0 (oleyl-CoA/stearoyl-CoA) ( Figure 1B) . ASOs delivered i.p. were mainly taken up by the liver, but they also reached the peritoneal fat. Indeed, Scd1 mRNA levels were also decreased in epididymal fat pads. Food intake and body weight were not significantly different between the 2 treatment groups (Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI26991DS1).
Effects of Scd1 deficiency on lipid metabolism. Consistent with observations in chronic models of SCD1 deficiency (24, 27, 28) , the levels of circulating triglycerides (TGs) were decreased by SCD1 ASO treatment (data not shown). However, the hepatic concentration of long-chain fatty acyl-CoAs (LCFA-CoAs) and of TGs was increased ( Figure 1C ). Consistent with these increases in tissue lipid levels, treatment with Scd1 ASO also activated the JNK pathway in the liver as manifested by increased JNK phosphorylation and activity ( Figure 1C ).
Since SCD1 deficiency has been previously shown to be associated with decreases in the hepatic expression of lipogenic genes, we next examined the hepatic expression of fatty acid synthase (FAS), acetyl-CoA carboxylase (ACC), and cholesterol hydroxylase 7α (CYP7A1) and the phosphorylation of AMP kinase (AMPK) and ACC at the completion of the insulin clamp procedure (Figure 2 , A and B) and under basal conditions ( Figure 2, C and D) . At the completion of the clamp studies, the short-term downregulation of Scd1 expression had only marginal effects on these liver enzymes ( Figure 2B ). Under basal (overnight fast) conditions, treatment with Scd1 ASO moderately decreased the expression of FAS, ACC, and CYP7A1 ( Figure 2D ). These findings suggest that increased liver lipogenesis is not likely to account for the increase in liver TG and LCFA-CoA levels in rats treated with Scd1 ASO.
Scd1 is required for diet-induced insulin resistance in rats. In order to examine the impact of Scd1 deficiency on diet-induced insulin resistance, we next performed insulin clamp studies in OF rats ( Figure 3A) . Under conditions of physiological hyperinsulinemia,
Figure 1
Systemic administration of Scd1 ASO downregulates liver Scd1 expression and activity in OF rats. (A) Schematic of Scd1 role in lipid synthesis. CE, cholesteryl esters; PL, phospholipids; WE, wax esters. (B) Protocol for Scd1 ASO delivery (top panel). Rats received an i.p. injection of either a control ASO (SCR ASO) or Scd1 ASO (100 mg/kg of body weight) on day 0; on day 3, the animals were switched to a lard-enriched diet (HF) and received a second injection of ASOs; lastly, on day 5, an insulin clamp procedure was performed. The livers of OF animals treated with Scd1 ASO (black bars) displayed an 80% decrease in Scd1 mRNA and a 50% decrease in both Scd1 activity and C18 desaturation index. OF (gray bars) did not modify any of these parameters when compared with SC rats (white bars). (C) OF caused a decrease in hepatic LCFA CoA levels, which were restored to SC levels by Scd1 ASO treatment (top left panel). Liver Scd1 deficiency in OF animals (black bars) resulted in a 3.5-fold increase in liver TG (top right panel) when compared with SCR ASO OF animals (gray bars). JNK phosphorylation and activity were markedly increased in OF Scd1-deficient animals as compared with OF control animals, while OF (gray bars) did not have any effect when compared with SC animals (white bars). Wet wt, wet weight. *P < 0.05 versus SCR ASO OF.
the rates of glucose infusion required to maintain euglycemia were markedly lower in OF rats compared with control rats fed a standard chow (SC) diet (7.9 ± 0.7 versus 15.4 ± 0.2 mg/kg/min; P < 0.01) when SCR was administered ( Figure 3B ). On the other hand, when Scd1 ASO was given, the rate of glucose infusion required to maintain euglycemia in OF rats was markedly increased up to the levels observed in control SC rats (15.2 ± 0.4 mg/kg/min; Figure 3B ). Scd1 ASO did not significantly alter the levels of glucoregulatory hormones (Supplemental Table 1 ) and the rate of glucose uptake ( Figure 3B ). Conversely, this intervention markedly suppressed liver glucose production ( Figure 3 , B and D), and this effect entirely accounted for its effect on glucose metabolism. Glucose production represents the net contribution of gluconeogenesis and glycogenolysis ( Figure 3C ). However, a portion of glucose entering the liver via phosphorylation of glucose is also a substrate for dephosphorylation via glucose-6-phosphatase (Glc-6-Pase, encoded in rodents by the G6pc gene), creating a futile (glucose) cycle ( Figure 3C ). To delineate the mechanisms by which Scd1 inhibition modulates liver glucose homeostasis, we estimated the in vivo flux through Glc-6-Pase (Glc-6-Pase flux) and the relative contribution of glucose cycling, gluconeogenesis, and glycogenolysis to glucose output ( Figure 3 , D and E). Treatment with Scd1 ASO markedly and similarly decreased the rates of glucose cycling and Glc-6-Pase flux ( Figure 3D ) in parallel to its effects on glucose production ( Figure 3D ). The decrease in glucose production was accounted for by a marked inhibition of gluconeogenesis as well as glycogenolysis ( Figure 3E and Supplemental Table 2 ).
Liver-selective Scd1 deficiency normalizes hepatic insulin action in OF rats. The i.p. delivery of Scd1 ASO led to a marked decrease in Scd1 expression not only in the liver but also in epididymal adipose tissue. In order to target Scd1 ASO to the liver, we delivered a 4-fold lower dose of ASO as a slow intraportal infusion rather than an i.p. bolus ( Figure 4A ). This protocol resulted in a significant decrease in liver expression of Scd1 in the absence of significant changes in Scd1 expression in epididymal fat ( Figure 4B ). Under conditions of physiological hyperinsulinemia, intraportal infusion of Scd1 ASO markedly improved insulin's ability to restrain glucose production ( Figure 4B ). To more directly examine whether the decreased expression of SCD1 in adipose tissue is required for the effects of SCD1 ASO treatment on liver glucose fluxes, we compared subgroups of OF rats displaying similar decreases in liver Scd1 expression induced by either i.p. or intraportal delivery of ASO ( Figure 4 , C-F). The i.p. administration of Scd1 ASO dramatically suppressed Scd1 expression in epididymal fat pads while the intraportal infusion of the same ASO had no detectable impact on adipose tissue Scd1 expression ( Figure 4 , C and E). However, the 2 treatment regimens led to similar and dramatic improvements in hepatic insulin action ( Figure 4 , D and F). Thus, the approximately 70% decrease in liver Scd1 expression is sufficient to negate the onset of hepatic insulin resistance in this model.
Scd1 is required for diet-induced insulin resistance in mice.
In order to examine whether Scd1 also plays a critical role in the development of diet-induced hepatic insulin resistance in HF-fed mice, we next performed insulin clamp studies in Scd1-deficient conscious mice ( Figure 5 , A-C). Treatment with Scd1 ASO markedly decreased hepatic Scd1 mRNA and protein ( Figure 5B ). The enzymatic (desaturase) activity of Scd1 was markedly increased by HF feeding in mice and dramatically lowered by treatment with Scd1 ASO ( Figure 5D ). Under conditions of physiological hyperinsulinemia, the rates of glucose production were markedly increased in HF-fed mice compared with control mice fed an SC diet when the SCR was administered ( Figure 5D ). Importantly, in HF-fed mice treated with Scd1 ASO, the rate of glucose production was markedly suppressed to levels similar to those of control mice ( Figure 5D ). Of interest, Scd1 deficiency did not have an impact on the modest decrease in glucose uptake that was induced by HF feeding ( Figure 5D ). It should be noted that Scd1 ASO used in these experiments was directed against an entirely different region of Scd1 mRNA. Overall, our findings indicate that Scd1 deficiency exerts a protective effect against the development of hepatic insulin resistance in HF-fed rats and mice.
Scd1 deficiency enhances Akt phosphorylation and suppresses phosphoenolpyruvate carboxykinase and Glc-6-Pase expression in OF rats. These metabolic data indicated that Scd1 ASO treatment enhanced insulin action to an extent that restored insulin sensitivity to normal levels in insulin-resistant animals. Enhanced insulin signaling could account for these effects. Thus, we next assessed the effect of shortterm Scd1 deficiency on Akt phosphorylation and on the expression of Glc-6-Pase, encoded by G6pc, and phosphoenolpyruvate carboxykinase (PEPCK), encoded by Pck1, in the liver. Decreased expression of Scd1 led to a marked increase in the hepatic phosphorylation of Akt. Western blot analysis ( Figure 6A ) showed increased phosphorylation of Akt at both Ser473 (4-fold; Figure 6B ) and Thr308 (3-fold; Figure 6B ) in animals treated with Scd1 ASO as compared with control (scrambled ASO [SCR]) ASO-treated animals. Hepatic Akt phosphorylation in these OF Scd1-deficient animals was even higher than in animals that are not insulin resistant on a regular chow diet. We next investigated whether these changes in Akt activation may have led to transcriptional modulation of the glucoregulatory enzymes PEPCK and Glc-6-Pase. Q-PCR experiments showed that the expression of PEPCK was suppressed by almost 90% in animals deficient in Scd1 as compared with control animals ( Figure 6C ). Similar measurements showed an even more dramatic effect on liver Glc-6-Pase, the expression of which was virtually abolished ( Figure 6C ) in Scd1 ASO-treated animals. Thus, it is likely that the decreases in in vivo Glc-6-Pase flux and gluconeogenesis are at least partly due to decreased hepatic expression of these 2 critical glucoregulatory enzymes.
Scd1 deficiency enhances hepatic insulin signaling in OF rats. In order to investigate the effect of Scd1 deficiency on early insulin signaling events, we next injected overnight-fasted rats with an i.p. bolus of insulin and sampled the livers 5 minutes later ( Figure 7A ). We assessed the effects of insulin on the phosphorylation of the insulin receptor ( Figure 7 , B and C) and insulin receptor substrate 1 (IRS1) (Figure 7 , B and D) by immunoprecipitation followed by Western blots. We also examined the association of the p85α subunit of PI3K with IRS1 ( Figure 7, B and E) . The acute administration of insulin failed to significantly stimulate the phosphorylation of IRS1 and its association with PI3K. However, treatment of OF rats with Scd1 ASO partly restored insulin responses. The pro- tein expression of tyrosine phosphatase 1B (PTP1B) ( Figure 7B ) was only modestly decreased in response to Scd1 deficiency, and it may account in part for the increased phosphorylation of IRS1. These results suggest that the treatment of OF rats with Scd1 ASO resulted in a moderate stimulation of liver insulin signaling that could account in part for the increased phosphorylation of Akt.
Discussion
The signaling and metabolic effects of saturated and monounsaturated fatty acyl-CoAs are often distinct. For example, the inhibitory effect of LCFA-CoAs on ACC activity is greater for saturated than for monounsaturated fatty acyl-CoAs (29) . The effects of SCD1-derived monounsaturated fatty acyl-CoAs appear to be distinct from those of dietary fatty acids (30) . Furthermore, there is evidence that increased availability of selective polyunsaturated LCFA-CoAs decreases the expression and activity of SCD1 in the liver (31) .
SCD1 catalyzes the conversion of saturated to monounsaturated fatty acyl-CoAs. Here we asked whether SCD1 activity is required for the induction of hepatic insulin resistance by a diet enriched in saturated fatty acids. Although Scd1-deficient mice display improved glucose tolerance and insulin sensitivity (24, 27) , these metabolic features could be secondary to the associated changes in energy balance, body composition, and lipid metabolism. Indeed, the chronic deficiency of SCD1 (either generalized or tissue-specific) per se leads to changes in body adiposity and energy expenditure (24, 27) . These associated variables have a profound effect on insulin sensitivity. In the present study, we examined whether SCD1 expression is required for the development of diet-induced hepatic insulin resistance in the absence of the confounding effects of changes in body composition or energy expenditure (24, 27) .
A reduction in SCD1 activity in liver was sufficient to restore normal insulin sensitivity in a model of diet-induced hepatic insulin resistance. Decreases in the rate of hepatic gluconeogenesis and glycogenolysis accounted for the lower glucose production in Scd1 ASO-treated rats. These decreases were accompanied by a dramatic reduction in the hepatic expression of the enzymes Glc-6-Pase and PEPCK. In addition, Scd1 deficiency markedly enhanced liver Akt phosphorylation at the completion of the insulin clamp studies.
Figure 4
Selective attenuation of liver Scd1 expression normalizes hepatic insulin action in OF rats. (A) Protocol for the intraportal Scd1 ASO treatment (top panel). An indwelling catheter was placed into the portal vein, and 2 days later (day 0), the animals received a first intraportal injection of either SCR ASO or Scd1 ASO (25 mg/kg of body weight). On day 3, the rats were switched to a lard-enriched diet (HF) and received a second injection of ASOs. Lastly, on day 5, an insulin clamp procedure was performed (See Figure 2A Consistent with observations in chronic models of SCD1 deficiency (24, 27, 28) , treatment with Scd1 ASO lowered the levels of circulating TGs. However, the hepatic concentration of LCFA-CoAs and of TGs was increased. This suggests that in the presence of short-term Scd1 deficiency, the rate of TG synthesis is not decreased at a time when TG secretion is already inhibited.
Marked stimulation of hepatic Akt activity can per se decrease blood glucose and insulin levels, induce fatty liver, and suppress the expression of Glc-6-Pase and PEPCK within just 4 days (32). Although these effects were elicited by adenovirus-mediated expression of a constitutively active Akt, leading to extreme activation of hepatic Akt, they are consistent with an important role of increased liver Akt activity in mediating the effects of SCD1 deficiency on hepatic glucose fluxes, on Glc-6-Pase and PEPCK expression, and on liver TGs (32) . Of interest, a similar phenotype with decreased glucose production and increased liver TGs has also been reported following acute inhibition of Glc-6-Pase (33) . Thus, the marked activation of Akt and the dramatic downregulation of Glc-6-Pase in the liver could account for the increase in liver TGs following short-term liver SCD1 deficiency. Regardless of the mechanism responsible for its accumulation, an increase in liver LCFA-CoAs and/or TGs is commonly associated with hepatic insulin resistance (11, 12, 15 ) that is at least in part due to the activation of the JNK pathway (17, 34) . Remarkably, treatment with SCD1 ASO markedly improved hepatic insulin signaling and action despite increased hepatic levels of TGs and LCFA-CoAs and activation of the JNK pathway. This dissociation between the effects of SCD1 deficiency on insulin signaling, glucose fluxes, and Glc-6-Pase/PEPCK gene transcription and its effects on body weight and liver lipids suggests a direct effect of SCD1 on hepatic insulin action. This finding appears to partly refute the causeeffect relationship between the phenotypic metabolic features of SCD1 deficiency and the associated changes in lipid metabolism and body composition (24) . There are previous examples in mice and rats in which an improvement in hepatic insulin action is associated with both decreased liver expression of Scd1 and increased hepatic levels of TGs (32, 33) .
Our results support the notion that a decrease in Scd1 activity can per se improve insulin action and that this improvement can occur in the presence of increased hepatic stores of TGs. Thus, a primary decrease in liver Scd1 activity can prevent diet-induced hepatic insulin resistance in rats and mice. If the effects of SCD1 deficiency are confirmed in humans, the pharmacological inhibition of this enzyme should have independent and beneficial effects on both weight gain and insulin action. SCD1 deficiency may also account for the lack of hepatic insulin resistance in several genetic models in which a primary alteration in other steps in hepatic lipid metabolism also leads to a secondary decrease in SCD1 expression (22, 23, 25) .
Methods
Animals and experimental design: rat studies. Forty 10-week-old male SpragueDawley rats (Charles River Breeding Laboratories) were housed in individual cages and subjected to a standard light/dark cycle (lights on at 0600). One week before the pancreatic insulin clamp protocols ( Figure 1B) , catheters were placed in the right internal jugular veins and left carotid arteries as previously described (35, 36) . Five and two days before the pancreatic clamp, rats received a single i.p. injection of either Scd1 or control (SCR) ASO (100 mg/kg of body weight). This dose of ASO was designed to achieve a robust downregulation of Scd1 expression in the liver with just 2 i.p. injections. Rats were fed an SC diet (Purina Mills Inc., Cat. No. 5001) until 3 days before the clamp; then the animals were switched to a highly palatable diet (Purina Mills Inc., Cat. No. 9389) generated by supplementation of the SC diet with 10% lard (Supplemental Table 3 ). An additional group
Figure 5
Scd1 deficiency normalizes hepatic insulin action in HF-fed mice. (A) Protocol for Scd1 ASO treatment in mice. Male C57BL/6J mice were allocated to a HF diet for 3 weeks. Five days before the completion of the protocol (day 0), the mice received an i.p. injection of either a SCR ASO or Scd1 ASO (100 mg/kg of body weight); on day 3, the animals received a second ASO injection, and vascular catheters were implanted; finally, on day 5, the mice were subjected to an insulin clamp procedure. (B) Scd1 ASO (black bars) markedly decreased the hepatic levels of Scd1 mRNA and protein compared with SCR ASO (grey bars) in HF diet-fed mice. (C) Protocol for the insulin clamp procedure in mice. (D) The enzymatic (desaturase) activity of Scd1 was markedly increased by HF feeding in mice (gray versus white bars) and dramatically lowered by treatment with Scd1 ASO (black bars). The rapid attenuation of liver Scd1 expression and activity prevented the development of hepatic insulin resistance induced by HF feeding in mice but did not modify insulin action on glucose uptake. *P < 0.05 versus SCR ASO; n = 6-10.
of animals fed on SC throughout the whole protocol of study received SCR ASO. To more selectively target the liver, we resorted to intraportal administration of ASOs ( Figure 4A ). In brief, another group of rats were subjected to the same protocol described above except that an additional intraportal catheter was placed 1 week before the insulin clamp protocol. ASOs were administered with the same schedule (2 injections) via the portal catheter at a dose of 25 mg/kg of body weight.
Animals and experimental design: mouse studies. Adult male C57BL/6J mice (27-32 g) were anesthetized with xylazine and ketamine and catheterized through the right internal jugular vein. The venous catheter was used for infusion, and blood samples were collected from the tail vein. Each animal was monitored for food intake and weight gain after surgery to ensure complete recovery. Mice were randomized in 3 groups. During the 3 weeks preceding the clamp study, 1 group received an SC diet (Purina Mills Inc.) from which 59% of calories were provided by carbohydrate, 28% by protein, and 12% by fat ( Figure 5A ). The remaining 2 groups received HF chow (Purina Mills Inc.) from which 45% of calories were provided by carbohydrate, 22% by protein, and 33% by fat). Thus, we studied 3 groups of mice: group 1 consisted of SC-fed mice treated with control ASO; group 2 consisted of HF-fed mice treated with control ASO; group 3 consisted of HF-fed mice treated with Scd1 ASO. All mice received 2 i.p. injections (100 mg/kg) of either control ASO (groups 1 and 2) or Scd1 ASO (group 3) during the week preceding the clamp study.
In vivo glucose kinetics and pancreatic insulin clamp procedure in rats. Pancreatic insulin clamp studies ( Figure 3A ) were performed as previously described to attain physiological hyperinsulinemia (10, 37) . Rats were implanted with chronic catheters. At t = 0, a primed, continuous infusion of HPLC-purified [ 3 H-3]-glucose (PerkinElmer; 40 mCi bolus, 0.4 mCi/min for duration of the study) was initiated and maintained throughout the 4 hours of the study. Samples for determination of 3 H-glucose-specific activity were obtained at 10-minute intervals throughout infusions. At t = 2 hours, a pancreatic hyperinsulinemic-euglycemic clamp was initiated and maintained for the final 2 hours of the study. This procedure involved the infusion of somatostatin (3 μg/kg/min) and insulin (3 mU/kg/min) and a variable infusion of 25% glucose periodically adjusted to clamp the plasma glucose concentration at approximately 8 mM. At the end of the in vivo studies, rats were anesthetized (pentobarbital, 55 mg/kg body weight, i.v.), and tissue samples were freeze clamped in situ with aluminum tongs precooled in liquid nitrogen. All tissue samples were stored at -80°C for subsequent analysis.
In vivo glucose kinetics and pancreatic insulin clamp procedure in mice. Euglycemic clamps ( Figure 5C ) were performed in conscious, unrestrained, catheterized mice as previously described (38) . Food was removed for 5 hours before beginning of in vivo studies. The infusion studies lasted a total of 90 minutes. A solution of glucose (10% wt/vol) was infused at a variable rate as required to maintain euglycemia (8 mM). Mice received a constant infusion of HPLC-purified [ 3 H-3]-glucose (0.1 μCi/min; PerkinElmer) and insulin (3.6 mU/min/kg body weight). Thereafter, plasma samples were collected to determine glucose levels (at t = 10, 20, 30, 40, 50, 60, 70, 80, and 90 minutes) as well as [ 3 H-3]-glucose-specific activity (at t = 40, 50, 60, 70, 80, and 90 minutes). Additionally, in 5 mice from each experimental group, 10 minutes before the end of the in vivo studies, [U-14 C]-lactate (5-μCi bolus, 0.4 μCi/min; PerkinElmer) was administered to determine the contribution of gluconeogenesis to the hepatic Glc-6-Pase pool. Steady state conditions for both plasma glucose concentration and specific activity were achieved by 40 minutes in these studies. At the end of the in vivo studies, mice were anesthetized (pentobarbital, 60 mg/kg, i.v.), the abdomen was quickly opened, and adipose tissue and liver were freeze clamped in situ with aluminum tongs that were cooled in liquid nitrogen. The time between the injection of anesthesia and the freeze clamping of tissue samples was less than 60 seconds. Tissue samples were stored at -80°C for further analysis.
Analytical procedures and calculations. Plasma glucose was measured by the glucose oxidase method (Glucose Analyzer II, Beckman Coulter). Plasma insulin and leptin, adiponectin, and glucagon levels were determined by RIA (Linco Research Inc.). Plasma nonesterified fatty acid concentrations were determined using an enzymatic method by an automated kit according to the manufacturer's specifications (Waco Pure Chemical Industries Ltd.). The radioactivity of [ 3 H-3]-glucose in plasma was measured from supernatants of Ba(OH)2 and from ZnSO4 precipitates (Somogyi procedure) after each was evaporated to dryness for the removal of tritiated water. Measurements of hepatic 14 C-phosphoenolpyruvate and 3 H/ 14 C-UDP glucose-specific activities were obtained from 2 sequential chromatographic separations, as previously described (39) (40) (41) (42) . Calculations were performed as described (43) . In brief, the rates of 4 C-phosphoenolpyruvate-gluconeogenesis, Glc-6-Pase flux, and glucose cycling (glucose cycling = Glc-6-Pase flux -glucose production) were calculated as previously described (43) . Net glycogenolysis was calculated as the difference between glucose production and gluconeogenesis. Scd1 activity. Liver Scd1 activity assays were performed essentially as described (26) . At the end of incubation, long-chain acyl-CoAs were extracted and fractionated by reverse-phase HPLC as previously reported (44) . Chromatographically resolved stearoyl-CoA (C18:0) and oleyl-CoA (C18:1) peaks were collected and counted in a b-scintillation counter. Protein was assayed by the bicinchoninic acid method using a commercially available kit (Pierce Biotechnology) according to the manufacturer's instructions.
Gene expression. Scd1, Glc-6-Pase (G6pc), and PEPCK (Pck1) mRNAs were measured by Q-PCR as described (37) . In brief, total RNA was extracted from either liver or fat tissue using the TRIzol reagent (Invitrogen Corp.) according to the manufacturer's instructions. cDNA was then synthesized from 2 μg of total RNA using the Superscript III First Strand kit (Invitrogen Corp.). Samples of RNA in which the reverse transcriptase was omitted (no-RT controls) were also included. The cDNA and no-RT controls were diluted 1:20 with PCR grade water, and 2 μl from each sample was used for PCR in a total volume of 20 μl. The FastStart DNA Master SYBR Green I kit (Roche Applied Science) and a LightCycler 2 instrument (Roche Applied Science) were used in all experiments. The 18S mRNA expression was routinely measured for normalization purposes. The primer sequences used were as follows: 5′-CTACAAGCCTGGCCTCCTGC-3′ and 5′-GGACCCCAGGGAAAC-CAGGA-3′ for Scd1; 5′-GCGACCGTCCCCTTTGCATCTGTC-3′ and 5′-CCACCAAACACTCCCCCTCCTCC-3′ for G6pc; 5′-GCCTCCTCAGCT-GCATAATGGTCT-3′ and 5′-GAATGCTTTCTCGAAGTCCTCTTCTG-3′ for Pck1; and 5′-AGGGTTCGATTCCGGAGAGG-3′ and 5′-CAACTTTA-ATATACGCTATTGG-3′ for ribosomal 18S. The mRNA copy number was calculated from standard curves obtained using cloned target templates (plasmid DNA) of known copy number for each gene of interest.
LCFA-CoA. Liver LCFA-CoAs were extracted and measured as previously described (44) .
TGs. Hepatic TGs were extracted by the Folch method (45) . Liver and plasma TG were measured using a commercially available colorimetric assay kit (Sigma-Aldrich) according to the manufacturer's instructions.
Figure 7
Scd1 deficiency enhances hepatic insulin signaling in OF rats. (A) To investigate the effect of Scd1 deficiency on early insulin signaling, we injected fasted rats with an i.p. bolus of insulin and sampled the livers 5 minutes later. The acute administration of insulin failed to stimulate the phosphorylation of Irs1 (B and D) and its association with PI3K (B and E). However, treatment of OF rats with Scd1 ASO partly restored insulin responses (B, D, and E). (B) Western blot analysis of immunoprecipitated tyrosine-phosphorylated IRb and Irs1, Irs1-associated p85α subunit of PI3K, and PTP1B in livers from control (SCR ASO) or Scd1 ASO-treated OF rats in the basal (-Ins) or insulin-stimulated state (+Ins). Densitometric analysis revealed a 35% decrease in PTP1B protein in Scd1 ASO-compared with SCR ASO-treated livers (data not shown). (C) Densitometric analysis showed that insulin-stimulated tyrosine phosphorylation of IRb was modestly increased by Scd1 deficiency. (D) Densitometric analysis showed that insulin-stimulated tyrosine phosphorylation of Irs1 was markedly enhanced by Scd1 deficiency. (E) The recruitment of p85α PI3K to Irs1 was also enhanced in livers from Scd1-deficient (black bars) when compared with SCR ASO (white bars) OF rats. In C and D, left panels show basal and insulin-stimulated values while right panels show percentage increase from basal values. *P < 0.05 versus SCR ASO OF; n = 3-6 (average ± SEM). pY, phosphotyrosine.
